AbstrAct: The accurate micro-motions recognition of spatial cone target is the foundation of the characteristic parameter acquisition. For this reason, a micro-motion recognition method based on the distinguishing characteristics extracted from the Inverse Synthetic Aperture Radar (ISAR) sequences is proposed in this paper. The projection trajectory formula of cone node strong scattering source and cone bottom sliptype strong scattering sources, which are located on the spatial cone target, are deduced under three micro-motion types including nutation, precession, and spinning, and the correctness is verified by the electromagnetic simulation. By comparison, differences are found among the projection of the scattering sources with different micro-motions, the coordinate information of the scattering sources in the Inverse Synthetic Aperture Radar sequences is extracted by the CLEAN algorithm, and the spinning is recognized by setting the threshold value of Doppler. The double observation points Interacting Multiple Model Kalman Filter is used to separate the scattering sources projection of the nutation target or precession target, and the cross point number of each scattering source's projection track is used to classify the nutation or precession. Finally, the electromagnetic simulation data are used to verify the effectiveness of the micro-motion recognition method.
AbstrAct: The accurate micro-motions recognition of spatial cone target is the foundation of the characteristic parameter acquisition. For this reason, a micro-motion recognition method based on the distinguishing characteristics extracted from the Inverse Synthetic Aperture Radar (ISAR) sequences is proposed in this paper. The projection trajectory formula of cone node strong scattering source and cone bottom sliptype strong scattering sources, which are located on the spatial cone target, are deduced under three micro-motion types including nutation, precession, and spinning, and the correctness is verified by the electromagnetic simulation. By comparison, differences are found among the projection of the scattering sources with different micro-motions, the coordinate information of the scattering sources in the Inverse Synthetic Aperture Radar sequences is extracted by the CLEAN algorithm, and the spinning is recognized by setting the threshold value of Doppler. The double observation points Interacting Multiple Model Kalman Filter is used to separate the scattering sources projection of the nutation target or precession target, and the cross point number of each scattering source's projection track is used to classify the nutation or precession. Finally, the electromagnetic simulation data are used to verify the effectiveness of the micro-motion recognition method. 
IntroductIon
In the existing published literature, the ballistic target characteristic parameter extraction technique is proposed under the assumption that the target's form of micro-motion is known. However, the cone target's micro-motion is unknown in reality. The spatial cone target maintains stability by spinning. When it is separated from a carrier, the form of motion is often nutation or precession, which is caused by lateral impact disturbance when the cone target is separated from the rocket. For this reason, it is necessary to classify the cone target's micro-motion forms from the spatial cone target group to estimate the characteristic parameters.
In Guan et al. (2011a) , the micro Doppler domain entropy of target echo and the standard deviation of the target are used as recognition feature, and the spatial cone target is identified by using two kinds of classifiers. In Guan et al. (2011b) , the echo signal is described in the form of harmonic, and the characteristic spectrum extracted by the characteristic value decomposition is used as the recognition feature. In Han et al. (2013) , the equivalent scattering point model of spatial cone target is established, and four kinds of recognition features are extracted according to the difference of instantaneous frequency in different micro-motion forms. In Pang et al. (2013) , a comprehensive identification method of ballistic target recognition based on the narrow and wide band polarization characteristics is proposed after analyzing the ballistic target without redundant polarization. The mentioned literature achieved the ballistic target classification by analyzing the time frequency domain and the polarization characteristics of the cone target. In this paper, the difference of the projection trajectory of the spatial cone target's cone node and cone bottom slip-type strong scattering source on the Inverse Synthetic Aperture Radar (ISAR) imaging plane under the three forms of micro-motion of nutation, precession and spinning is analyzed first; after the analysis, the Doppler threshold is used to identify the spinning cone target. The number of projection trajectory cross points is used to identify the nutation and precession cone target, which can provide some reference for ballistic target recognition.
characterIstIc analysIs oF spatIal cone target's Isar Image

IsAr ImAgIng mechAnIsm
The traditional range-Doppler imaging algorithm needs a certain azimuthal angle integration to achieve the high cross-range resolution. Existing ballistic target azimuthal angle integration method based on range-Doppler algorithm can be divided into azimuthal angle integration by ballistic trajectory translation (Zhou 2011 ) and azimuthal angle integration by warhead's micro-motion (Wang et al. 2010a) . The first method requires a long observation time, and the echo's phase caused by the warhead's micro-motion is needed to be compensated. Besides, the latter method is complex to achieve since the change of the radar observation angle change is not uniform to the ballistic target (Wang et al. 2010a; Zhou 2013; Xu et al. 2015) . However, at any given time, the Doppler frequency of each scattering point is unique (Wang et al. 2010b) , so the instantaneous Doppler image of the target can be obtained by estimating the instantaneous Doppler frequency of the target's scattered source.
Assuming the radar transmits LFM signal and the echo signal is processed by "dechirp", the principle of the dechirp is making conjugate multiplication between receiving and transmitting signals, then the echo signal is transformed into the slow time and Doppler-frequency domain. The signal can be expressed as:
, is the radial distance between the radar and the i th scattering point and l 0 is the reference range.
After time-frequency transforming for all distance units, the range-instantaneous Doppler image can be obtained by selecting different imaging times.
the mIcro-motIon model of cone tArget
The recognition of cone target's micro-motion of nutation, precession, and spinning is considered in this paper. The micromotion model of the cone target is shown in Fig. 1. where: c is speed of light; f is the wave frequency; j is √-1; σ i is the electromagnetic scattering coefficient of the i th scattering point; T p is the pulse width; f c is the carrier frequency; γ is the frequency modulation slope; t m is the slow time; Each micro-motion can be decomposed into three parts: the coning of the coning-shaft, the nutation of the nutation-shaft, and the spinning of the spinning-shaft. Considering the mass center of the cone as the origin, the radar coordinate system is established with the coning-shaft as the z axis, the initial nutation-shaft as the x axis, and the y axis is established by right-hand screw rule. Considering R coni (t) is the Euler rotation matrix (Xu et al. 2012) when time is t, the arbitrary point Q on the cone target can be expressed as r Q in the body coordinate system. In the radar coordinate system, it can be expressed as:
Considering φ as coning angle, θ as nutation angle, and Ψ as spinning angle, then R coni (t) in Eq. 2 can be expressed as:
Since the cone target is a rotational symmetric object and the motion of the rotational symmetric object around the symmetry axis has no effect on the electromagnetic scattering, the change of the spinning angle Ψ in electromagnetic scattering analysis can be neglected. Generally, considering that Ψ = 0°, Eq. 3 can be simplified as:
scattering source in the ISAR image plane. By applying the high-frequency scattering theory, when the electromagnetic wave is on the stationary cone target, the backscattering is mainly composed of the cone node A and cone bottoms B and C, which are the cross points of the incident plane and the edge of the cone bottom (Huang et al. 2005) . However, the cross points of the incident surface and the cone bottom edge are sliding because of the different kinds of spatial cone target's micro-motion. Then it is called cone bottom slip-type scattering center (Ma et al. 2011) . Without considering cross range scaling, the Doppler axis of the ISAR image is scattering source Doppler frequency shift, and the range axis of the ISAR is the projection distance of the scattering source in radar observation direction. Considering that ζ and η are the unit direction vector of the Doppler axis and range axis, respectively, the projection vector of the cone node scattering A and the cone bottom slip-type scattering B and C in the imaging plane can be expressed as:
where: f d_k and l k (k = A, B, C) are the Doppler frequency shifts of the corresponding scattering source and its projection on the distance image, respectively. The derivation procedure of the concrete expression is presented as follows.
The Euler angles of different micro-motion forms are set as follows:
• Nutation: considering coning angular rate is ω Ψ , initial coning angle is φ 0 , initial nutation angle is θ 0 , swing amplitude is θ s , swing angular rate is ws, and initial swing phase is θ s0 , then the coning angle φ and the nutation angle θ of the nutation model can be expressed as: Firstly, the Doppler shift f d_k (k = A, B, C) of the scattering source under different micro-motions is analyzed. The distance between the cone mass center and cone node A is |OA|, and the coordinate of the cone node A in the body coordinate system is (0,0,|OA|). By Eq. 2, the coordinate vector of the cone node A in the radar coordinate system can be represented as:
Assuming that α is the angle between radar observation direction los and the precession axis (z axis), it can be called radar observation angle. As the radar observation direction is in the y-z plane, the radar observation direction los can be expressed as: (4) (5) (7) (9) (6) (11) (12) (13) (14) (8) (10) ProjectIon trAjectory of the cone tArget's strong scAtterIng source
The following is the consideration of the projected trajectory of the cone node and the cone bottom slip-type strong (15) Then the Doppler frequency shift of the cone node scattering source A can be expressed as:
cone bottom edge slip-type scattering center B is:
where: λ is the wavelength. By Eqs. 5 and 6, the Doppler frequency shift of the nutation cone target's cone node scattering can be given as:
where: φ΄ = ω φ and θ΄= ω s θ s cos(ω s t + θ s0 ). By Eqs. 7 and 8, the Doppler frequency shift of the precession cone target's cone node scattering source can be given as:
where: φ΄ = ω φ . By Eqs. 9 and 10, the Doppler frequency shift of the spinning cone target's cone node scattering source can be given as:
Next, the Doppler's theoretical distribution of the cone bottom slip-type scattering source is analyzed. The unit normal vector of the plane which is composed by the radar observation direction los and the cone polar axis can be obtained:
where: i, j, and k are the x axis, y axis, and z axis in the radar coordinate system, respectively; n OA = r A /|r A |, and the expression of F is:
Then the cone bottom slip-type strong scattering source B(C) in the radar coordinate system is:
where: |OO 1 | is the distance from the cone's mass center to the center of the cone bottom; r is the radius of the cone bottom.
Then the Doppler frequency shift of the cone bottom slip-type strong scattering source B(C) is: By Eqs. 5 and 6, the Doppler frequency shift of the nutation cone target's cone bottom slip-type strong scattering source is: By Eqs. 7 and 8, we can obtain the Doppler frequency shift of the precession cone target's cone bottom slip-type strong scattering source: By Eqs. 9 and 10, we can obtain the spinning target's cone bottom slip-type strong scattering source as follows:
sImulAtIon VerIfIcAtIon
To verify the previous analysis, the distribution characteristics of ISAR image of the spatial cone target under different micro-motion forms are simulated. The same structure parameters are used in the simulation of different micro-motion forms, and specific parameters are set as follows: the distance from the mass center to the cone node is |OA| = 1.125 m; the distance from the mass center to the cone bottom center is |OO 1 | = 0.375 m; cone bottom radius is r = 0.252 m; the corner filleted radius of cone node is r = 0.017 m. The micro-motion parameters are set as follows: for the nutation, coning angular rate is ω φ = π rad/s; initial coning angle is φ 0 = 0°; initial nutation angle is θ 0 = 20°; amplitude of swing is θ s = 10°; the swing angular rate is ω s = 4π rad/s; initial phase of swing is θ s0 = 0°. For the precession, coning angular rate is ω φ = π rad/s; initial coning is φ 0 = 0°; precession angle is θ = 20°. For spinning, coning angle is φ = 0° and precession angle is φ = 0°. Assuming that the radar bandwidth is 2 GHz, the center frequency is 10 GHz, the pulse repetition frequency is 100 kHz, the pulse width is 640 μs, and the target echo is got when α = 45°/135° by electromagnetic simulation. Intercepting an azimuth sampling point of 3,200 from the echo data arbitrarily, 5 × 5 times Fast Fourier Transform (FFT) interpolation into its range and azimuth dimension, setting the extraction interval as 1/8 s, the target's ISAR image sequence is obtained by the distance-instantaneous Doppler algorithm. To verify the validity of the simulation and the projection trajectory theoretical formula, the strong scattering source distribution in different micro-motion forms is drawn by Eq. 3 to Eq. 5, and the ISAR image sequence is represented in Fig. 3 to Fig. 5 .
In the ISAR image sequence from Fig. 3 to Fig. 5 , the fivepointed stars represent the theoretical projection position of the cone node scattering A, the inverted triangles represent the theoretical projection position of the cone bottom scattering B, and the triangles represent the theoretical projection position of the cone bottom scattering C. It is not difficult to find that the theoretical value of the scattering source's projection on the imaging plane is in good agreement with the position of the strong scattering source center in the ISAR image, which shows the accuracy of the imaging algorithm and the projection trajectory formula of the scattering source. The following continues to consider the analysis of the range axis distribution l k ( k = A, B, C) of the scattering source under different micro-motions. For the rotating symmetric cone target, the projection of the strong scattering source in the radar observation direction at any moment is discriminated by the β angle composed by the radar observation direction los and the cone polar axis OA. By Fig. 2 , the projection of the cone target's strong scattering source in the range profiles can be expressed as:
where β in Eq. 28 to Eq. 30 can be obtained by cosine theorem:
Substituting Eq. 5 to Eq. 10 into Eq. 28 to Eq. 30, we can get the scattering sources distribution in the range axis under the corresponding micro-motion.
Substituting Eq. 17 to Eq. 19, Eq. 25 to Eq. 27 and Eq. 28 to Eq. 30 into Eq. 11 to Eq. 13, we can get the projection trajectory of the cone node scattering source A and the cone bottom slip-type scattering sources B and C. Because the ISAR image sequence is a collection of range-instantaneous Doppler distribution extracted from the discrete time points, it is difficult to give a direct visualization of the continuous distribution of the projection trajectory of each scattering source on the imaging plane. According to Eq. 11 to Eq. 13, the projection trajectory of the strong scattering source on the imaging plane is shown in Figs. 6 and 7. The projection trajectory of the spinning cone target's strong scattering source on the image plane is a point distribution, because scattering source's projection on the image plane is constant, which is no longer given in the paper.
According to the previous analysis, there is a big difference in the projection trajectory of the cone target's strong scattering source under different kinds of micro-motion on the imaging plane. For the same cone target model, according to Eq. 11 to Eq. 13, the characteristics of the projection trajectory under the micro-motion parameters and radar observation angle parameters as shown in Table 1 are analyzed. 
According to parameters set in Table 1 , about 134,562,714 figures of cone target's strong scattering sources projection track can be obtained. After summing up, we find that each strong scattering source of the projection trajectory of the nutation cone target has at least two cross points (except for the coning frequency, which is an integral multiple of the swing frequency, or the swing frequency, which is an integral multiple of the coning frequency). The projection trajectory of each scattering source of the precession target has at most one cross point. The projection trajectory of the spinning target is point distribution, then its Doppler frequency shift is 0 Hz. According to this, we can introduce the recognition criterion that identifies the spinning by Doppler threshold and recognizes the nutation and precession by the cross points number of the scattering source projection trajectory.
In the recognition of micro-motion, the CLEAN algorithm (Caner 2012) can be used to extract the coordinate information of the peak value of the image to get the coordinate information of the point trace. The scattering intensity of the strong scattering source is not always strong under all conditions; under some radar observation angle, the scattering intensity of the cone node strong scattering source may be weak, such as the ISAR images in the second row of Fig. 3a . The scattering intensity of the cone node strong scattering source is weak. It is hard to extract cone node strong scattering source by the CLEAN algorithm, but the cone node strong scattering source is located in the cone node and can be manually extracted by the position of the pointed cone in the ISAR image's cone contour. Then, the Doppler domain value of the strong scattering source on the imaging plane should be judged. If it is smaller than the set threshold, its corresponding micro-motion form is considered spinning. Otherwise, it is precession or nutation. Then a line segment set is established through connecting the strong scattering sources among adjacent ISAR image sequences; the number of cross points is counted by judging whether line segments intersect. But sometimes the projection trajectories of the different scattering sources overlap, as show in Fig. 8 , which has a certain impact on the number of cross points statistics. In addition, single ISAR image exists in multiple scattering centers, so the projection of multiple scattering sources at the adjacent time needs to be related. Therefore, it is necessary to separate the projected trajectory of each scattering source. In this paper, the projection trajectory of the cone target's strong scattering source on the imaging plane is interpreted as the track of target tracking. The target tracking technique is applied to extract the projection trajectory of each scattering source in the ISAR image sequence.
InterActIng multIPle model KAlmAn fIlter
In order to extract the projection points of each scattering source, firstly the point trace information of scattering center coordinates, which are extracted from the ISAR image, is needed, and then the motion state of the current and future track is estimated according to the existing points (Shao et al. 2012; Li et al. 2013) . From the previous analysis, the geometric shape of the cone target's scattering source on the imaging plane is complex and has the characteristics of spiral, sharp turn and so on. In this case, the Interacting Multiple Model Kalman Filter (IMMKF) algorithm is introduced to predict the target's track. The algorithm uses multiple motion models to match the tracking target motion mode. At each moment, a certain model is assumed to be valid; the filter's initial condition, which matches the certain model, is obtained by mixing all filters' estimated states at the previous time. Finally, updating the mode probability by likelihood function of model matching, the state estimation is gained by combining all filters' corrected estimated states (Cao and Wen 2010; Deng et al. 2005) . In order to further improve the tracking accuracy, the double-observation points are used to track the distance dimension and Doppler dimension, respectively. The recursive process of the IMMKF algorithm is shown in Fig. 9 .
estImAtIon of cross PoInts number
After extracting and separating the projection point trace of the precession cone target or the nutation cone target in the imaging plane, the intersection can be obtained by judging whether the scattering source's projection trajectory crosses itself. Cross points only occur between adjacent line segments, and the computing speed would be slowed down by the unnecessary intersection judgement between the far apart segments. The imaging plane is divided into several small facets, only to determine whether there is cross point among the segments in the same facet. When there are many observation points, the cross points based on the face element group are more efficient. Figure 10 gives the flow chart of micro-motion recognition of spatial cone target based on ISAR image sequences.
results
Firstly, the feasibility of recognition feature extraction is verified. We take the cone target' s cross point of the nutation, precession and spinning, whose radar observation angle is 135°, as an example. Assuming the ISAR imaging sequence extraction interval is 0.04 s, the signal-to-noise ratio (SNR) is 10 dB; other radar parameters and the micro-motion parameters are the same as in the previous section, and the Doppler threshold is set at 20 Hz, which is used to determine whether the micro-motion is spinning. A Doppler distribution of the different micro-motion target' s strong scattering sources in the ISAR imaging sequence is shown in Fig. 11 , from which the spinning target can be easily recognized.
Then the nutation target and spinning target is continued to be recognized, the tracking algorithm motion model contains one constant velocity (CV) model and two constant turn (CT) models, whose angular rate parameters are ± 6°/s separately. The tracking results by the double observation points are shown in Figs. 12 and 13.
Judging the cross points of the line segments set which is constituted by each scattering source projection point trace in Figs 12 and 13, the number of the projection trajectory's cross points of both the scattering source A and the scattering source B under nutation is two, and the number of the projection trajectory's cross points of both the scattering source A and the scattering source B under precession is zero, which is consistent with the recognition criteria already mentioned in which the projection trajectory of each scattering source of the nutation cone target has at least two cross points and the projection trajectory of each scattering source of the precession target has at most one cross point. This shows that the proposed recognition feature extraction technique in the present paper is feasible.
In order to further verify the performance of the algorithm, without considering the condition that the scattering sources may be occluded by the cone target, the radar observation angle range is set from 120° to 140°. Considering three kinds of targets' simulation parameters, as shown in Table 2 , other parameters are still the same as above; the target recognition rate of the target under different SNRs is shown in Fig. 14. From Fig. 14 , we find that nutation target has always maintained a high recognition rate. With the increase of the SNR, precession target and spinning target first increase and then keep stable. This is due to the high level of noise when the SNR is very low, and the location of the extracted scattering source has a large randomness, then the Doppler frequency shift value of the spinning target's extracted point trace exceeds the threshold, and the precession target's cross points increase. Thus, in low SNR, spinning target and precession target are identified as nutation target, and nutation target is still recognized as nutation target. When the SNR is big enough to affect the scattering center extraction, spin targets and precession targets are accurately identified. At the same time, it can be found that all kinds of target recognition rates are more than 90% when the SNR is higher than 6 dB, which shows that the proposed algorithm has a good performance of micro-motion recognition in the case of high SNR.
conclusIon
Obtaining the micro-motion form of the cone target is the precondition to extract the characteristic parameters of the spatial target. In this paper, a method of extracting feature difference through the ISAR image sequence is proposed to distinguish the micro-motion form of the cone target. Electromagnetic simulation verifies the correctness of the projection trajectory formula of the strong scattering sources in the imaging plane under different micro-motion forms. It also illustrates, respectively, the feasibility of the identification of the spinning target by using Doppler threshold and the recognition of the nutation target and precession target by utilizing the number of the intersection points of the scattering source projection trajectory. Finally, a simulation experiment is carried out to prove the validity of the proposed classification method.
